We recently described a technique to fabricate shallow (< 50 nm) microstructures on PMMA surface for use in multianalyte protein micro-assay based on the ablation of a top thin gold layer using pulsed nitrogen laser (337 nm). In the present study, AFM has been used to investigate the surface characteristics and to provide physical insights into the formation of these complex microstructures. It has been shown that lateral diffusion of the heat generated during the gold ablation extended to ca. 3 µm on either side of the laser focal spot (ca. 5 µm wide), effectively ablated the gold layer and created shallow regions of ca. 20 nm. The heat also created a depression (ca. 5 µm wide) in the polymer region at the laser spot, and a hump, that increased in height with laser dose, at the center of the depression. It is suggested that volume shrinkage caused by stress relaxation and material redistribution, and volume expansion caused by fragmentation of the polymer are responsible mechanisms. Chemical changes also occurred resulting in the middle zone of the microstructure, which corresponds to the central hump, being hydrophobic, whereas the outer zone was hydrophilic. It is suggested that degraded hydrophilic products may be present in the outer zone, whereas the middle zone may contain smaller hydrophobic fragments due to more advanced fragmentation. The variation in the morphology and surface chemistry in the shallow microstructures effectively 'combinatorialize' the surface properties of the microstructures, thus facilitating the patterning of different proteins.
INTRODUCTION
Research in protein microarray technologies has received significant interest in the last decade mainly due to the tremendous potential they can bring to a variety of biomolecular investigations and analyses. Numerous efforts have been made to develop protein microarray technologies for the high throughput screening of biochemical activities, protein -DNA, protein -ligand interactions, and so forth [1] [2] [3] [4] [5] . Common to these techniques, the protein is brought into contact with ordered and discrete microstructures on a substrate surface by diffusion [6] [7] [8] , spotting 9, 10 or printing 11 , where it immobilizes by specific or non-specific adsorption. The surface microstructures are often in the form cavities (e.g., reaction wells) or spots on a planar surface. The use of cavities has the advantage of minimizing interspot contamination, and is thus more advantageous for parallel analysis of different protein samples. Various "topdown" fabrication strategies including a range of wet [12] [13] [14] and dry [15] [16] [17] etching techniques have been employed to construct microstructured cavities. Schemes using "bottom-up" approach have also been used to build low volume well arrays 18, 19 .
Whilst many fabrication technologies for protein array are analogous to those for DNA array, the protein molecular surface structures are much more complex compared to the simpler DNA molecules, leading to complex interactions with the biochip surface. The protein -biochip surface interactions include electrostatic forces, hydrogen bonding, van der Waals and hydrophobic interactions. These complex interactions can also result in important changes in the protein structure and bioactivity, further complicating the patterning of different proteins on the same surface. We recently describe a novel technique for the fabrication of microstructures on the same solid surface having a range of surface properties that can be used for patterning different proteins and in multianalyte protein micro-assay device 20 .
The micro-structures are fabricated via a localized laser ablation of a protein-blocked thin gold layer deposited on a poly(methyl methacrylate) (PMMA) film. The device has an analytical performance comparable to that of a commercially available standard photometric protein test kit and requires only 2-7 microliter volume of sample and a single dilution step. Antibody arrays can be used to identify different proteins, yielding results within a few minutes of sample addition with acceptable assay repeatability.
The fabrication platform for the novel device consists of a computer-controlled pulsed nitrogen laser emitting photons at 337 nm, which can be focused onto the sample surface through the objective lens of a research-grade inverted optical microscope. A computer-controlled XYZ sample stage allows precise movement of the sample to predetermined locations where the focused laser beam can be activated to ablate the top thin gold layer of the sample. The thermal energy generated during the ablation of the gold layer induces local chemical and physical changes in the surface of the underlying PMMA film, resulting in shallow (<50 nm) microstructures having a range of surface properties suitable for patterning different proteins. Surface modification of neat and doped polymers that absorb the irradiating laser energy has been extensively studied 21 . However, heat-induced modification of an underlying polymer film by laser ablation of a top sacrificial metal layer is not well understood. In the present paper, atomic force microscopy (AFM) is used to investigate the morphology and surface chemical characteristics of the microstructures formed on the PMMA substrate following the ablation of the top gold layer; and on this basis, provide some physical insights into the novel method of constructing shallow microstructures for protein patterning purpose.
MATERIALS AND METHODS
2.1. Preparation of gold-coated PMMA film. Details of the method used to prepare the gold-coated PMMA film were described elsewhere 20 . Essentially, a 4 wt% solution of PMMA in 99% propylene glycol methyl ether acetate (PGMEA) was spin-coated at 3000 rpm for 40 s on glass slides or cover slips primed with hexamethyldisilazane. Under these conditions, the PMMA thickness was ca. 0.5 µm. The PMMA substrates were soft baked at 85 °C for 30 min prior to the deposition of gold. The gold deposition was carried out using a sputtering SEM-coating unit E5100 (Polaron Equipment Ltd.) at 25 mA for 90 s at 0.1 Torr. Thickness of the gold film was estimated to be less than 50 nm. Figure 1 is a schematic representation of laser-based microfabrication of gold-coated polymeric film. The laser-based microfabrication of gold-coated polymeric films was achieved through the use of a computer-controlled laser ablation system, comprising a Nikon Eclipse TE300 inverted microscope, a pulsed nitrogen laser and a motorized XYZ sample stage. The system was also equipped with a parfocality lens for translating the laser focus along the z-axis, independently from the microscope's image focal plane. 
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The nitrogen laser emitted rectangular pulses at wavelength of 337 nm and with a pulse duration of 4 ns. The repetition rate of the pulses could be varied between 1-20 pulses per second and the pulse energy could be adjusted up to 120 µJ/pulse. The laser was focussed through a 40x objective lens and the width of the laser focal spot was 5 ± 0.5 µm. It is noted that smaller laser spot could be achieved using 100x oil immersion objective lens. The target surface was perpendicular to the beam axis, and the laser focus was adjusted so that it coincides with the image focal plane of the microscope. Movement of the sample in the XYZ direction was controlled via the motorized sample stage.
2.3
Surface sharacterization by AFM. AFM characterization was carried out on a TopoMetrix Explorer (Model No. 4400-11) in the normal contact mode. The AFM system is based on detection of tip-to-surface forces through monitoring optical deflection of a laser beam incident on a force sensing / imposing lever. Both 2µm and 100µm scanners were used in order to cover the scales of lateral topographical and chemical differentiation. The analyses were carried out under air-ambient conditions (temperature of 23°C and 45% relative humidity). Pyramidal silicon nitride tips attached to cantilevers with a spring constant of 0.032 N/m were used. Scanning direction was perpendicular to the axis of the cantilever and the scanning rate was typically 4 Hz. As the tip is scanned across the surface in the contact mode, the lateral force acting on the tip manifests itself through a torsional deformation of the lever, which is sensed by the difference signal on the Left-Right signal on the quadrant detector. In the present study, lateral force imaging was also carried out simultaneously with contact-mode topographical imaging in both forward and reverse scan directions.
RESULTS AND DISCUSSION
Laser ablation involves photothermal and/or photochemical processes, depending on the nature of the target material and the laser fluence, wavelength, and pulse duration [21] [22] [23] . The photothermal process involves absorption of irradiating photons by the electrons, followed by the release of the photon energy into the solid matrix. This induces a rapid temperature rise in the bulk material leading to the thermal decomposition of the solid. If the energy attains a particular fluence threshold, then bonds in the solid will break, resulting in a phenomenon known as photofragmentation. These fragments typically occupy a larger volume compared to the surrounding material and, with sufficient pressure, lead to the forwarded ejection of ablated material. In contrast, the photochemical process involves the direct breaking of chemical bonds if the photon energy is higher than the bonding energy between neighboring atoms in the solid, yielding gaseous photoproducts without the traditional heating effects. During this process, thermal and mechanical damage to the surroundings is minimized.
In the present study, the laser wavelength used was 337 nm, corresponding to photon energy of 3.66 eV, which is less than the heat of atomization of gold (3.80 eV). The primary mechanism for the ablation of gold is expected to be via the photothermal process. Figure 2 shows a typical AFM topographical image of a channel created by the laser beam with 100% laser power at a rate of 20 pulses/s and a writing speed of 10 µm/s, and the transverse profile of the channel. Instead of having a 'flat-bottom' or 'cone-shape' as commonly observed for features created by laser ablation, the channel exhibited distinctly different regions. In particular, the channel had a width of ca. 11-12 µm with shallow dented regions of ca. 3 µm wide and ca. 20 nm deep along both edges (region II). Beyond these regions and towards the center of the channel, the depth increased steadily to a maximum value of ca. 40 nm (region I). It is noted that a hump of ca. 3 nm high was developed at the center of the channel. In order to gain further insights into the formation of the microstructures inside the channel, the laser ablation was repeated twice, instead of once as in the case of the channel shown in Figure 2 . An AFM topographical image of the channel fabricated with double laser raster and its transverse profile are presented in Figure 3 . It can be seen that the general features of the channel did not change significantly compared to the case of single laser raster, except the hump at the channel center exhibiting an increase in height from ca. 3 nm to 13 nm. An important feature of photothermal ablation is the diffusion of thermal energy to the surroundings. This effect is more pronounced for nanocesond laser compared to pico-or femto-second laser. In the present study, the effect of lateral heat diffusion was manifested in the extension of the ablated channels to a width of ca. 11-12µm, whilst the width of the laser focal spot was ca. 5 µm. Similar effect of thermal energy diffusion in extending the ablated regions was also observed for diazonaphthoquinone / novolak thin films under similar ablation conditions (Figure 2 in reference 24). Given that the heat diffusion of a symmetrical beam is expected to be the same on either side of the beam, we suggest that the ca. 5 µm wide depression at the center of the channel (region I) is the direct effect of the laser focal spot and that the extension of ca. 3 µm (region II) on either side of this feature is most likely due to the heat diffusion effect. The similar depths of ca. 20 nm for region II of the channels with single or double laser raster suggest that the top gold layer was effectively ablated, although the results indicate that some residual and/or redeposited gold was present on the surface after the first laser treatment. As well, region I, being at the focal spot and therefore most affected by the laser beam, did not increase in depth with the second laser treatment, but exhibited an increase in the height of the central hump instead. Whilst PMMA does not absorb 337 nm photons, the thermal energy generated in the gold layer can induce modifications of the underlying PMMA surface via mechanisms that have opposing effects. One is volume shrinkage caused by relaxation of stress generated within the polymer film during fabrication, as well as possible material redistribution. Previous studies have shown that polymers can exhibit shrinkage as a result of the heat generated by UV irradiation 25, 26 . Another is volume expansion, commonly observed when the thermal energy is able to break the polymer chains into fragments, but not sufficient to eject these fragments from the polymer matrix 22, 24, 26 . For a Gaussian beam, the fluence decreases exponentially from the beam axis 27 . Accordingly, these effects would be maximum at the center of the channel and decrease with increase in distance from the center. The AFM data suggest that both volume shrinkage and expansion occurred in region I during the first laser treatment, causing the depression and the central hump, respectively. The second laser treatment did not cause further volume shrinkage, as expected for a stress relaxation mechanism, but had the effect of increasing the volume of the central hump, most likely as a result of further fragmentation of the polymer. In addition to surface topography, AFM can be used in the lateral force mode to provide important surface chemical information. Both friction and topography contribute to the lateral forces. The contrast due to friction is inversed upon reversal of scan directions from forward to reverse, whereas the topographical contrast is independent of the scan direction. The contrast inversal in the lateral force image has been used as an important device for deciding whether the contrast is caused by topography or friction [28] [29] [30] [31] . The topographical contribution to the lateral force image may be removed by subtracting images recorded in the forward and reverse directions; and the difference is the frictional force acting between the tip and the sample. Figures 4 and 5 shows forward and reverse lateral force images of the same channels shown in Figures 2 (single laser raster) and 3 (double laser raster) , respectively.
The contrast inversal in the ablated area on switching scan directions is clear: the darker contrast along the middle zone and brighter contrast along the outer zone of the channel in the forward image were inversed in the reverse image. This indicates that the lateral force contrast observed is most likely to be the consequence of frictional interaction between the tip and the surface. It is noted that the contrast difference in the channel fabricated by double laser raster was much more distinct compared to the case of single laser treatment. The subtraction of the forward and reverse images to produce a friction map was carried out using the software of the Explorer system and is presented in Figure 6 . The AFM analyses were carried out in air. Accordingly, one would expect a thicker layer of adsorbed moisture on the more hydrophilic surface regions in comparison with more hydrophobic regions. Moisture will cause additional increase in friction through a stronger meniscus force between the tip and the sample surface. Frictional force microscopy has been used under air-ambient conditions to discriminate hydrophobic and hydrophilic surface regions, with the latter having higher frictional force 32, 33 . As can be seen in Figure 6 , the channel consists of regions having different surface chemical characteristics: the middle zone of ca. 3 µ m wide had a hydrophobic character, whereas the outer zone was more hydrophilic. The difference between these zones was more pronounced with a second laser treatment. It is noted that the hydrophobic middle zone corresponds to the central hump observed in the topographical images. As well, the hydrophobicity of the gold surface layer was less than that in the middle zone, but greater compared to the outer zone of the channel.
Thermal degradation of PMMA proceeds initially via the breaking of the weak head-to-head linkages or unsaturated ends, whereas scission of the polymer chain and side groups occurs at higher temperatures 34 . Various chemical reactions may occur during the degradation process, giving rise to intermediate radicals and a range of unsaturated species, as well as oxygen-containing species such as ketone, carboxylic and hydroxyl group [35] [36] [37] [38] [39] . Cleavage and fragmentation of the polymer also result in the production of CO 2 , CO, monomer, together with fragments derived from the monomer 40, 41 . In an ablation study using 248 nm laser 42 , it has been shown that PMMA surface treated a) b)
with a low laser fluence has higher oxygen-containing components and is more hydrophilic, as compared with those before ablation or those ablated at high fluence. In the present case, the increased hydrophilicity of the outer zone of the channel is likely due to the presence of degraded hydrophilic oxygen-containing species. In the 3 µ m wide middle zone, where the thermal energy is most intense, further fragmentation of the polymer may have occurred, resulting in smaller hydrophobic fragments, as well as volume expansion.
CONCLUSIONS
AFM has been used to investigate the shallow (< 50 nm) channels created on the PMMA substrate as a result of ablating the top gold layer. It has been shown that the thermal energy generated during the ablation of the top gold layer induced complex morphological and chemical changes at the surface of the underlying PMMA. In particular, lateral diffusion of the heat extended to ca. 3 µm on either side of the laser focal spot, effectively ablated the gold layer and thus creating shallow regions of ca. 20 nm. The heat diffusion in the vertical direction had the effect of creating a depression in the polymer region located at the laser focal spot, and a hump, that increased in height with laser dose, at the center of the depression. Volume shrinkage caused by stress relaxation and material redistribution, as well as volume expansion caused by fragmentation of the polymer, are suggested to be major mechanisms responsible for the formation of the depression and the hump, respectively. In addition to these morphological modifications, chemical changes also occurred resulting in regions having distinct differences in surface chemical characteristics: the middle zone of the channel, which corresponds to the central hump, had hydrophobic character; whereas the outer zone was more hydrophilic. It is suggested that degraded hydrophilic products may be present in the outer zone, whereas the middle zone may contain smaller hydrophobic fragments due to more advanced fragmentation.
Protein / solid interactions are complex and fabricating a biochip surface which can accommodate different proteins is a complex matter. The variation in the morphology and surface chemistry in the shallow microstructures effectively 'combinatorialize' the surface properties of the microstructures, thus facilitating the patterning of different proteins for used in multi-analyte protein micro-assays 20 . The physical insights into the formation of these microstructures as shown in the present study provide a basis for further optimization of the technology.
